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20. ABSTRACT (continued)

"= the program we have shown that propagating acoustic signals can be
used to interrogate an array of silicon bolometers which contain a
thermal image. The theoretical and experimental results comprise
a foundation for the construction of the thermal imaging device of
the type described. The device should outperform existing uncooled
thermal imaging devices over a practical range of frequencies.
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OUTLINE OF RESEARCH FINDINGS

The projects carried out under this program divide into two parts.
Although they appear at first glance to be rather separate they do have a
common base in that we are concerned both with the control of acoustic signals
and the use of acoustic signals to process other forms of radiation. In the
first part we summarize our work on the control of acoustic imaging arrays with
digital signal processing. In the second section we summarize our work on the
use of acoustic signals to read thermal images formed on an array of silicon
mesas.

A. Control of Acoustic Arrays with Digital Signals

The purpose of this project was to introduce digital signal processing into
ultrasonic, or acoustic, arrays. These systems use arrays of miniature acoustic
transducers to produce and receive focused and scanned acoustic beams having
resolution of the order of 1 mm, more or less. The arrays are basically analog
devices. Under the project, we have studied the conditions under which multi-
level digital signals can be used with these arrays.1 The original objective
was to design and construct a multilevel digital processing system of limited
capacity sufficient to prove the principle, and to demonstrate this system in
connection with modest acoustic scanning arrays which would be designed and
constructed especially for this purpose. As the work progressed, it became
increasingly apparent that the characteristics which were achievable with the
digital processing systems under development had potential for increasing the
per formance and flexibility of virtually all acoustic imaging systems in existence

in the laboratory, in addition to future systems which were either in the




preliminary design stage or concept stage. In its final form it became concerned
with the design of a full scale system for supplying the scanning signals, and
processing the output signals, for the most complex one-dimensional, real-time
acoustic imaging systems then existing or planned for the immediate future.

All imaging systems presently being studied in this laboratory use analog
signal processing circuits for generating the control signals for the arrays.

They use nonlinear mechanisms for producing the signal phases required for
scanning receiver arrays. Under Grant No, DAHC OL4-T74-G-0033 we have designed a
complete multi-level digital system, which we refer to as a multi-level digital
delay line, which can replace the present analog circuits for performing these
functions. It promises substantially improved accuracy over the analog systems,
and reduce the image distortion and artifacts. The digital system should possess
great flexibility and provide for variable scanning rates, new types of scanning
patterns and scanning protocols which capitalize on the particular characteristics
of different objects which are being scanned.

The acoustic transducer arrays used in scanning systems are analogous to the
antenna elements in phased array antenna systems. However , the acoustic arrays
are operated such as to produce electronic focusing of the acoustic beam with
electronically variable focal length, in addition to acoustic steering and scanning
of the beam. The signals required by these arrays and the beams formed by these
arrays are essentially analog in character, Thus, while standard binary digital
electronics c;n be used in the early stages of the electronic sections to produce
the signals required by the arrays, they cannot be used in the later stages which
interconnect with the arrays themselves. The array signals can be approximated by

digital binary waveforms in certain cases. An experiment of this kind was carried




out in the early stages of the present project. In that experiment the

transducer array operated as a linear Fresnel phase plate in which each element

of the array had the same signal amplitude, and had either one of only two phases,
namely zero of 1. This type of operation was demonstrated when we constructed

an experimental imaging system consisting of a linear transmitting array of

32 PZT transducer elements operated at a frequency of 1.9 Miz and controlled

by binary integrated circuit electronics.2 This work showed good agreement
between theoretical and measured imaging performance. It was shown that the

beam from the phase plate can be accurately focused and scanned with binary signals.
However, superimposed upon the focal spot is a wide angle radiation of relatively
high level which is common to two-level phase plate systems, The purpose of this
first experiment was to gain experience with digital control of PZT array elements
and to demonstrate a correspondence between theory and practice. We then proceeded
to multi-level discrete signals, to remove the limitations imposed by two-level
focusing.

In the digital delay line, binary digital circuitry is used in the early
stages, and this is fanned out into later stages which generate multi-level
discrete signals, Analysis has been performed under the project to determine the
number of discrete levels required to preserve all of the image information.
Calculations were made for systems employing 100 elements in the scanning arrays,
which represent the largest number under consideration at this time.l
These systems provide 100 resolvable spots per line scan in the image.

We have found that 5 bit electronics, which provide 32 discrete phase levels
for each of the elements in the arrays, will accomplish this purpose. We have

designed and tested phase generators which generate stable rf signals having




32 fixed phase values for use with these systems, These operate over the range
of 1 to 10 MHz , generating signals having the required phase values at any
desired frequency within this range. This will extend the operating frequency
range of the acoustic imaging systems, allowing them to operate anywhere within
the 1 to 10 MHz frequency range, depending upon the frequency bandpass
characteristics of the PZT arrays themselves. The digital delay line can
deliver any desired phase and amplitude independently to each of the 100 elements
in the transmitting and receiving arrays of the imaging systems. Command signals
which determine scanning rates, focal depth, focal spot size, scanning mode, and
other functions are fed into the input channels of the digital delay line, which
accept standard binary inputs. These command signals are generated in a micro-
computer. The entire imaging system is thus controlled by keying the appropriate
words into the micro-computer. In effect the digital delay line establishes, at
its 100 output terminals, a series of rf signals having prescribed values of
amplitude and phase. This distribution is shifted along the array of terminals
to accomplish the beam scanning of the transducer array whose elements are
connecéed l-to-1 to these terminals, It is thus analogous to a delay line
having 100 equally spaced taps.

We have breadboarded two channels of this 100 channel system and used it
to check out the basic design and also to obtain quantitative information on the
effect of cross-talk between adjacent channels. The results of these tests have
been satisfactory and are included in the technical report.1 This was followed
by completion of the electrical and mechanical design for the final 100 element
digital delay line. This is also included in the technical report, The first

prototype engineering version of the complete system, using this design, will be




constructed under auspices of another program in the laboratory concerned with

the development of complete acoustic imaging machines.5 This will be accomplished
by procuring commercia{ly produced PC boards manufactured according to the
layouts developed above under the present program. In that system miniature
transformers are used to match the electrical impedance of the PZT transducer
elements with the impedance of the coaxial lines. The acoustic head of the
imaging system contains only the PZT array and its transformers, allowing a
compact design, which can be oriented and moved at will with relation to the objects
being imaged. In both non-destructive testing and medical applications it is
found increasingly important to minimize the time required to obtain completed
detailed images, The electronic scannirg approach allows time reductions over
present manual mechanical scanning procedures. Beyond that, further substantial
time reductions are expected to result from employing multiplexing patterns in the
scanning of the beam, which are not possible with the present analog control
systems and analog tapped delay lines, but which are within the capability of the
new digital delay line. It has been found under other programs in the laboratoryZ
that different types of samples, e.g., samples of high acoustic transparency,
samples with high acoustic attenuation, samples with planar surfaces, samples with
high Q internal acoustic resonances, require different modes of adjustment of

the imaging system. It is expected that the digital delay line will increase the
generality with which such images can be obtained in addition to improving the
accuracy in any given mode. Most of the imaging systems involved in the work of
this laboratory are concerned with nondestructive testing (NDT) and nondestructive
evaluation (NDE) of materials and structures. The detailed natures of the objects

to be studied are varied and the flexibility of the digital delay line will be

important.




B. Propagating Acoustic Signals as a Method for Interrogating Thermal Images

A new type of uncooled thermal imaging device has been investigated under this
project, The device consists of an array of semiconductor bolometers scanned
by a piezoelectric acoustic delay line. The scanning is done by charging the
surface of each bolometer by means of a strong rf pulse on the delay line,
and observing the rate of decay of the surface charge; this rate is strongly
temperature dependent. The detailed theory of operation of the device has been
developed, including the processes of surface charging and discharging, acoustic
attenuation as a function of the semiconductor's surface charge, thermal design
problems, and noise processes.h The fundamental principle of operation and the
practicability of meeting some thermal design requirements were verified
experimentally using silicon bolometers adjacent to a lithium niobate delay line.

The significant theoretical findings are as follows: the charging process

takes place through a non-linearity in the surface majority carrier concentration vs.
applied field. Because of the non-linearity, a large ac field, such as is
produced by a 7 watt per centimeter acoustic pulse on lithium niobate, causes
a substantial increase in the surface carrier concentration at the silicon surface.
The excess carriers are then trapped in surface states. The discharge process
should be controlled by minority carrier generation in the space charge region,
at least for silicon. A new theory of acoustic attenuation by a depleted
semiconductor has been completed and it indicates that the main source of attenuation
is the relecase of majority carriers by charged surface states. The predictions of
this theory are in considerably better agreement with experiment than those of
previous theory, which did not account for the effect of surface states.

The noise performance of the device should be limited by background quantum noise




and by statistical variations in surface state occupation, The low frequency
detectivity of the device should be 2 x 1010 centimeter per watt in a 1 Hz
bandwidth, but would have a cutoff frequency less than 0.1 Hz for a typical
device. By making 0.29 micron thick bolometers it should be possible to raise
this frequency to 5 Hz .

The experimental findings show that the basic description of the device's
operation is correct, In particular, the surface state charge is discharged by
the generation of minority carriers and we should achieve the expected temperature
sensitivity. Also, it has been shown that bolometers can be built with power
sensitivity approaching the theoretical limit if we are prepared to support the
bolometers with small photoresist spacers.

In this work we have described a fundamental new type of thermal imager
which consists basically of an array of silicon bolometers. The temperature of
each bolometer is determined by indirectly measuring the temperature-sensitive
generation rate of electron hole pairs in the silicon. The extremely high
thermal resistance - 1.6 x 107 Ok for 100um x 100um detectors - required for the
best performance of the device makes it attractive to use a measurement technique
that does not require physical contact to the bolometers, particularly contact
with metal conductors,

The technique first proposed and used for the acoustically

798 fills this requirement. That technique depends on the

scanned visible imager
change with depletion width of the acoustic attenuation induced by a semiconductor
near an acoustic delay line, and on the ability of the fringing fields of a high-
power acoustic pulse to charge the silicon surface. We examined the physical

details of the charging, discharging, and attenuation processes. The significant

findings were as follows:




(a) The charging process takes place because of the non-linearity in the

surface electron concentration with applied field, Because of this

non-linearity, a large ac field causes a substantial increase in the

surface electron concentration, and thence in the trapping rate.

An acoustic power density of “W/cm is more than sufficient to ensure

full charging of the surface states by this mechanism.

(b) The discharge process
In the thermal imager
in the visible device
An important point to

sur face states is not

is controlled by minority carrier generation,
this takes place in the space charge region;
it takes place mainly in the neutral bulk.
note in either case is that emission f£rom the

important.

(c) The attenuation caused by the depleted semiconductor arises from the

release of majority carriers by charged surface states. A comparison

of the experimentally

measured attenuation and that predicted from

this viewpoint shows vastly improved agreement over that with previous

theory.

We examined the special physical problems which must be solved to obtain a

sensitive device. By operating the bolometers in a lum of Hg vacuum and

using carefully designed mechanical support structures, it should be possible to

obtain ideal sensitivity, limited only by the optical system and the immutable

laws of blackbody radiation.

All of that work comprises a solid theoretical foundation for the design and

construction of a thermal imaging device. We have also carried out some of the

experimental tests for that foundationm, The model of surface state discharge by

space charge generation current is verified, and we show that the scheme of bolometer




support by photoresist feet is workable. Actual measured thermal resistances
are within the range of theoretical expectation.

We have examined the device sensitivity and noise from a theoretical stand-
point. A survey of potential noise generating mechanisms indicates that only
the background limited quantum noise, and variations in surface state occupation,
are important in a practical device.

If this indication is correct, then it is incontrovertibly possible to
build an imaging device with a respectable low-frequency detectivity -

2 x 1010 cm Hzl/P/w. The main problem with such a device is its poor response

to time varying input power. This poor response comes about because of the
thermal mass of the silicon bolometers. It may be possible, using emerging
silicon processing technology, to make very thin bolometers - as thin as 0.2%m .
These devices would have fast response times, in conjunction with inherently
small low frequency noise, As detectors, they should outperform existing

uncooled devices.




. B

SCIENTIFIC PERSONNEL SUPPORTED AND DEGREES AWARDED

Calvin F. Quate

H. John Shaw

Kenneth N. Bates

Thomas W. Grudkowski

Nicolas J. Moll

A s ——g

- 10 =

DURING THIS REPORT PERIOD

Principal Investigator
Professor of Applied Physics
and Electrical Engineering

Edward L. Ginzton Laboratory
Adjunct Professor by Courtesy
of Department of Applied Physics

Research Assistant

Research Assistant
Ph.D. Degree received May 1975.

Research Assistant
Ph.D. Degree received June 1977.




LIST OF PUBLICATIONS

0. W. Otto, "Nonlinear Coupling between a Piezoelectric Surface and an
Adjacent Semiconductor", M. L. Report No. 2175, Stanford University
(May 1973).

T. W. Grudkowski and C. F. Quate, "Acoustic Readout of Charge Storage
on GaAs", Appl. Phys. Letters, 25, 99 (15 July 197k).

-

C. F. Quate, "Optical Image Scanning with Acoustic Surface Waves",

IEEE Trans. Sonics and Ultrasonics, SU-21, 283 (October 197k4).

T. W. Grudkowski and C. F. Quate, "Optical Image Scanning using Nonlinear
Surface Wave Interaction in GaAs", 1974 Ultrasonics Symposium Proceedings,

749 (November 11-1k4, 197k).

0. W. Otto, "Theory for Nonlinear Coupling between a Piezoelectric Surface

and an Adjacent Semiconductor”, J. Appl. Phys., 45, L4373 (October 197k).

0. W. Otto, "True Correlation in a Single Step using a Third-Order Two-
Dimensional Parametric Interaction", M. L. Report No. 2375, Stanford

University (November 1974).

T. W. Grudkowski, "Active Acoustic Waves and Electrons in Gallium Arsenide",

M. L. Report No. 2440, Stanford University (May 1975).

K. N. Bates and H. J. Shaw, "An Acoustic Linear Phase Plate with Digital
Electronic Scanning”, M. L. Report No. 2513, Stanford University (May 197¢).

N. J. Moll, "Acoustic Detection of Thermal Radiation", G. L. Report No. 2702
(June 1977).

——— S —



—_——

REFERENCES

K. N. Bates, W. P. Leung, H. J. Shaw and F. Yu, "An Ultrasonic Imaging
Device with 1ou Resolvable Spots and Flexible Digital Control"”, Internal
Memorandum (in preparation).

K. N. Bates and H. J. Shaw, "An Acoustic Linear Phase Plate with Digital
Electronic Scanning", M. L. Report No. 2513, Stanford University

(May 1976).

Contract EPRI RP ©09-1, "Acoustic Techniques for Measuring Stress Regions
in Materials".

N. J. Moll, "Acoustic Detection of Thermal Radiation", G. L. Report No. 2702,
Stanford University (June 1977).

N. J. Moll, O. W. Otto and C. F. Quate, "Scanning Optical Patterns with

Acoustic Surface Waves", J. Physique, 33, Colloque C-(, Supplement,

b
231=-23%4 (November-December 1372).
0. W. Otto, "Nonlinear Coupling between a Piezoelectric Surface and an

Adjacent Semiconductor"”, M. L. Report No. 2175, Stanford University

(May 1972).




BIOGRAPHY

C. F. QUATE

Calvin F. Quate was born in Baker, Nevada. He received
_the B.S. Degree in Electrical Engineering from the University of
Utah in 1944 and the Ph.D. Degree from Stanford University in 1950.
In 1949 he joined the technical research staff at Bell Laboratories
in Murray Hill, New Jersey, where he was later appointed Associate
Director of Electronics Research. He joined Sandia Corporation
in Albuquerque, New Mexico, in 1959 and in 1960 became Vice-
President and Director of Research. Stanford University appointed
him Professor of Applied Physics and Electrical Engineering in 19¢1;
in the autumn of 1969 he assumed the Chairmanship of the Applied
Physics Department at Stanford and held this position until August 1972,
In the Spring of 1970 he was elected to membership in the National
Academy of Engineering. From September 1972 until March 1974 he
served as an Associate Dean in the School of Humanities and Sciences
at Stanford. In the spring of 1975 he was elected to membership in

the National Academy of Sciences.,

Dr. Quate's major research interest is in the field of acoustic

imaging. He is the author of more than 70 scientific publications,

-13 =

e —— —————— e ——




lol

1l.

BIBLIOGRAPHY

C. F. Quate

C. C. Cutler and C. F. Quate, "Experimental Verification of
Space-Charge and Transit-Time Reduction of Noise in Electron
Beams", Phys. Rev. £0, 875 (December 1, 1950).

J. T. Mendel, C. F. Quate and W. H. Yocom, "Electron Beam
Focusing with Periodic Permanent Magnet Fields", Proc. IRE,
42, 800 (May 1954).

J. S. Cook, R. Kompfner and C. F. Quate, "Coupled Helices",
Bell System Tech. J., 35, 127 (January 1956€).

A. Ashkin, T. J. Bridges, W. H. Louisell and C. F. Quate,
"Parametric Electron Beam Amplifiers", IRE Wescon Convention
Record, Part 3 - Electron Devices, 13-17 (1958).

W. -H. Louisell and C. F. Quate, "Parametric Amplification of
Space-Charge Waves", Proc. IRE 46, 707 (April 1958).

C. F. Quate, R. Kompfner and D. A. Chisholm, "The Reflex
Klystron as a Negative Resistance Type Amplifier", IRE Trans.
PGED ED-5, 173-179 (July 1958).

C. F. Quate, "Shot Noise from Thermionic Cathodes'", Noise in
Electron Devices, ed. by Smullin and Haus (Technology Press,
M.I.T., 1959) Chapter I, l-4L.

A. Ashkin, W. H. Louisell and C. F. Quate, "Fast Wave Couplers
for Longitudinal Beam Parametric Amplifiers", J. Electronics
Control 7, 1-32 (July 1959).

J. S. Cook, W. H. Louisell and C. F. Quate, "Space-Charge Wave
Parametric Amplifiers", J. Electronics Control 8, 1-18
(January 1960).

C. F. Quate, "Coupled Mode Theory of Acoustic Wave Amplifiers",
Microwave Laboratory Report No. 889, Stanford University
(February 1962).

C. F. Quate, "Double-Stream Interaction between Holes and
Electrons in Semiconductors", Microwave Laboratory Report
No. 912, Stanford University (May 1962 ).

C. F. Quate, "Amplification of Ultrasonic Waves", Northeast

Electronics Research and Engineering Meeting (NEREM)
November 5-7, 19G2, invited talk; NEREM Record, 1ll4-5.

- ilb -




13.

14,

15.

16.

ET -

18.

19.

20.

2l.

22.

K. BlftekJaer and C. F. wuate, "The Couplcd Modes of Acoustic
Waves and Drifting Carriers in Plezoelectric Crystalcs",
Microwave Laboratory Report No. 10,7, Stanford University
(July 1963°); published in Proc. IEEE 52, 360 (April 190k ).

C. F. Quate, "Acoustic Oscillations from Electromagnetic
Feedback", Microwave Laboratory Report No. 1089, Stanford
University (October 19¢3).

C. F. Quate, "A Simple Approach to the Attenuation of Sound
in Semiconductors", Microwave Laboratory Report No. 110,
Stanford University (November 1963 ); J. Electronics Control,
17, 33-k2 (July 196k ).

K. Blftekjaer, W. H. Haydl and C. F. Quate, "Coupling to
Hypersonic Waves", Microwave Laboratory Report No. 1132,
Stanford University (January 1964 ); J. Acous. Soc. Am.
36, 1670-1677 (September 19¢k ).

C. F. Quate, H. J. Shaw, C. D. W. Wilkinson and D. K. Winslow,
"Diffraction of Light Waves by Hypersound", Microwave Laboratory
Report No. ll4l, Stanford University (March 1964 ).

A. E. Siegman, C. F. Quate, J. E. Bjorkholm and G. Francois,
"Frequency Translation of a laser's Output Freguency by
Acoustic Output Coupling", Microwave Laboratory Report
No. 1152, Stanford University (April 1964 ); Appl. Phys.
Letters 5, 1-2 (1 July, 196k ).

C. F. Quate, "Generation of Acoustic Waves with Laser Light",
Microwave Laboratory Report No. 1157, Stanford University
(April 1964 ).

C. F. Quate, H. J. Shaw, P. K. Tien, C. D. W. Wilkinson and
D. K. Winslow, "Diffraction of Laser Light with Hypersound",
Microwave Laboratory Report No. 1172, Stanford University
(June 1964 ).

A. E. Siegman, C. F. Quate, J. E. BJorkholm and G. Francois,
"A Method for Generating Two Frequency-Translated Outputs from
a Laser Using an Intra-Cavity Microwave Phonon Eeam",
Microwave Laboratory Report No. 1213, Stanford University
(August 1964 ).

C. F. Quate, C. D. W. Wilkinson and D. E. Caddes, "Interaction
of Coherent Light Beams with Microwave Sound", Proceedings of
National Aerospace Electronics Conference, Dayton, Ohio,

May 10-122, 1965, 300-302.

C. F. Quate, "Brillouin Scattering - Interaction of Coherent

Light with Microwave Sound", Physics Department Colloyuim,
University of California, San Diego (May 19uv%).

-15 =




e i ——

2L,

25.

26.

28.

29.

30.

3l.

33.

34.

W. H. Haydl and C. . YQuate, "Microwave Emission from n-Type
Cadmium Culphide", Microwave Laboratory Report No. 173k,
Stanford University (June 1905 ); Appl. Phys. Letters 7,
b5-47 (15 July, 1965).

C. F. Quate, "Electro-Acoustic Phenomena and their Applications",
International Conference on the Microwave Behavior of
Ferrimagnetics and Plasmas, September 13-17, 1965, London;
invited talk.

C. F. Quate, C. D. W. Wilkinson and D. K. Winslow, "Interaction
of Light and Microwave Cound", Proc. IEEE 53, Cpecial Issue on
Ultrasonics, 1604-1623 (October 1965).

R. W. H. Engelmann and C. F. Quate, "Linear or 'Small Signal'
Theory for the Gunn Effect", Microwave Laboratory Report No. 1376,
Stanford University (October 1965); IEEE Transactions, .
Special Issue on Electron Devices, Ed-13, Lk4-52 (January 1906).

W. H. Haydl and C. F. Quate, "High Field Domains in Cadmium
Sulfide", Microwave Laboratory Report No. 1403, Stanford
University (January 1966); Phys. Letters 20, L63-4ok
(15 March, 1966 ).

D. E. Caddes, C. F. Quate and C. D. W. Wilkinson, "Conversion
of Light to Sound by Electrostrictive Mixing in Solids",
Microwave Laboratory Report No. 1l426¢, Stanford University
(April 1966): Appl. Phys. Letters 8, 309-311 (15 June, 1906).

W. H. Haydl, K. Harker and C. F. Quate, "Current Oscillations in
Piezoelectric Semiconductors", Microwave Laboratory Report
No. 1446, Stanford University (June 1966); J. Appl. Phys.
38, 4295-4309 (October 1967 ).

C. F. Quate, "Scattering of Light from Coherent Acoustic Beams
in Transparent Crystals", IEEE Ultrasonics Symposium,
October 12-15, 1966, Cleveland, Ohio; invited talk.

B. A. Auld, C. F. Quate, H. J. Shaw and D. K. Winslow,
"Acoustic Quarter-Wave Plates at Microwave Frequencies",
Microwave Laboratory Report No. 1475, Stanford University
(October 1966); Appl. Phys. Letters 9, 436-438 (15 December, 196¢).

E. G. H. Lean, C. F. Quate and H. J. Shaw, "Continuous Deflection
of Laser Beams", Microwave Laboratory Report No. 1482, Stanford
University (November 1960); Appl. Phys. Letters, 10, 48-51
(15 January, 19¢7).

C. F. Quate, "Optical Amplification with a Low Frequency Pump",

Microwave Laboratory Report No. 1504, Stanford University
(January 1967 ).

- 16 =~




35.

36.

37.

38.

39.

Lo.

41.

k2.

43.

L.

u5.

D. E. Caddes, C. F. Quate and C. D. W. Wilkinson, "Acoustic
Wave Generation Through Elcctroctrictive Mizing of Two
Light Dcamc", precented at the Polytechnic Institute of
Brooklyn Uympocium on Modern Optics, March 23, 1907;
Modern Optics XVII, 219-Zhz.

M. H. Jfrgensen, N. I. Meyer and C. F. wuate, "Amplification
of Sound in Crystals with Strong Current-Ctriction and
Elasto-Conductivity Effects", Microwave Laborator; Keport
No. 1589, Stanford University (June 1967); Solid State
Communications 5, 559-561 (July 19067).

M. H. Jprgersen, N. I. Meyer and C. F. Quate, "Microwave
Emission from Germanium Crystals", Phys. Letters 25A,
143-144 (31 July, 1967).

C. F. Quate, "Amplification of Acoustic Waves at Microwave
Frequencies", Festkorperprobleme VII, O. Madelung, Editor,

£

(Pergamon Press, Germany, 1907 ) 1oc-1£2.

M. H. Jprgensen, N. I. Meyer and C. F. Quate, "On Sound
Amplification in Crystals with Strong Current-Striction
and Elasto-Conductivity Effects", Solid State Coumunications
6, 219-221 (February 196E).

R. W. Wallace, S. E. Harris and C. F. Quate, "Acousto-Optic
Tuning and Phase Matching of Optical Parametric Oscillators™,
Microwave Laboratory Report No. 1647, Stanford University
(June 1968); J. quant. Electronics 4, 354-355 (May 1968).

J. H. Collins, K. M. Lekin, C. F. Quate and H. J. Shaw,
"Amplification of Acoustic Surface Waves with Adjacent
Semiconductor and Piezoelectric Crystals", Microwave
Laboratory Report No. 1674, Stanford University (August 1968);
Appl. Phys. Letters 13, 314-316 (1 November, 1968).

C. F. Quate, "On the Theory of Acoustic Surface Wave Amplification",
Microwave Laboratory Report No. 1687, Stanford University
(September 1968 revised October 1969 ).

C. F. Quate, "Amplification of Acoustic Surface Waves with Two
Sets of Carriers", Microwave Laboratory Report No. 1769,
Stanford University (June 1969 revised October 19:9);
Electronics Letters 5, 317-318 (10 July, 1909).

G. Cambon and C. F. Quate, "Dispersive Rayleigh Waves on Quartz",
Electronics Letters 5, 402-403 (21 August, 1909).

C. F. Quate, "Amplification of Surface Waves in a Layered Medium",
Microwave Laberatory Report No. 1810, Stanford University
(November 1909 revised January 1970); submitted to Brit. J.
Appl. Phys.

- 17 =




u6.

L.

h9.

50.

510

52.

23.

Sh.

C. F. Quate, "Amplification of Surface Waves in Layered Media",
Talk, Varian Associates Seminar, Palo Alto, California
(January 27, 1970).

R. B. Thompson and C. F. Quate, "Acoustic Parametric Oscillations
in LiNbO,", Microwave Laboratory Report No. 1825, Stanford
Universiéy (March 1970); Appl. Phys. Letters 1€, 295-293

(15 April, 1970).

C. F. Quate and R. B. Thompson,>"Convolution and Correlation in
Real Time with Nonlinear Acoustics”, Microwave Laboratory
Report No. 1927, Stanford University (March 1970); Appl. Phys.

Letters 1€, 4g4-49€ (19 June, 1970).

R. B. Thompson and C. F. Quate, "Nonlinear Interaction of
Microwave Electric Fields and Sound in LiNbO, Microwave
Laboratory Report No. 1385, Stanford University (September 1970);
J. Appl. Phys. 42, 907-919 (1 March, 1971).

M. Bruun, S. Ludvik and C. F. Quate, "Field Effect Transistors

on Epitaxial GaAs as Transducers for Acoustic Surface waves",
Microwave Laboratory Report No. 1911, Stanford University

(November 1970); Appl. Phys. Letters 18, 118-120 (15 February, 1971).

J. F. Havlice, R. Kompfner and C. F. Quate, "Progress Towards an
Acoustic Microscope", Microwave Laboratory Report No. 1925, Stanford
University (February 1971).

S. Ludvik and C. F. Quate, "Amplification of Surface Shear-Wave
Mode in GaAs", Microwave Laboratory Report No. 2071, Stanford
University (January 1972); J. Appl. Phys. 43, 3619-3622
(Sseptember 1972).

J. A. Cunningham and C. F. Quate, "Acoustic Interference in Solids
and Holographic Imaging", Microwave Laboratory Report No. 2086,
Stanford University (August 1972); Acoustical Holography, 4
Editor, Glen Wade, ©67-685 (Plenum Press, New York, 1972).

S. Ludvik and C. F. Quate, "Nonlinear Interaction of Acoustic
Surface Waves in Epitaxial Gallium Arsenide", Microwave Laboratory
Report No. 2103, Stanford University (October 1972); Electronics
Letters, 8, 551-552 (2 November, 1972).

J. A. Cunningham and C. F. Quate, "High-Resolution, High-Contrast
Acoustic Imaging", Microwave Laboratory Report No. 2094, Stanford
University (September 1972); J. Physique, 3%, Colloque C-6,

Supplement, 42-L7 (November -December 1)725.

N. J. Moll, O. W, Otto and C. F. Quate, "Scanning Optical Patterns
with Acoustic Surface Waves", Microwave Laboratory Report No. 2095,
Stanford University (September 1972); J. Physique, %3, Colloque C-0),
Supplement, 251-2%4 (November-December 1972). ,

. 3B«




57.

59.

61.

62.

63

6k

65.

66.

67.

J. F. Havlice, G. S. Kino, J. S. Kofol and C. F. Quate, "An
Electronically Focused Acoustic Imaging Dcvicc", Microwave Laboratory
Report No., 2205, Stanford University (September 1)75); Acoustical
Holography, 5 FEditor Philip S. Green, ?17-373 (Plenum Press,

New York, 1974).

J. A. Cunningham and C. F. Quate, "High-Resolution Acoustic Imaging
by Contact Printing", Microwave Laboratory Report No. 220(, Stanford
University (September 1973); Acoustical Holography, 5, Editor

Philip S. Green, 33-102 (Plenum Press, New York, 197k).

J. F. Havlice, G. S. Kino and C. F. Quate, "A New Acoustic Imaging
Device", Microwave Laboratory Report No. 2211, Stanford University
(September 1973). |

J. F. Havlice, G. S. Kino and C. F. Quate, "Electronically Focused
Acoustic Imaging Device", Microwave Laboratory Report No. 2213
Stanford University (October 1973); Appl. Phys. Letters, 23, 531-587
(1 December, 1373).

R. A. Lemons and C. F. Quate, "Acoustic Microscope - Scanning
Version", Microwave Laboratory Report No. 2227, Stanford University
(October 1973); Appl. Phys. Letters, 2L, 163-165 (15 February 1974).

R. A. Lemons and C. F. Quate, "A Scanning Acoustic Microscope",
Microwave Laboratory Report No. 2227, Stanford University (November
1973); 1973 Ultrasonics Symposium Proceedings, IEEE Cat. #73CHO807-3 SU,
18-21 (January 1974).

C. F. Quate, "Waveform Generation with SAW's", Microwave Laboratory
Report No. 2230, Stanford University (November 1973);

J. F. Havlice, G. S. Kino and C. F, Quate, "A New Acoustic lmaging
Device", Microwave Laboratory Report No. 2231, Stanford University
(November 1973); 1973 Ultrasonics Symposium Proceedings, IEEE

Cat. #73CHO807-8 SU, 1%-17 (January 1974).

C. F. Quate, "Optical Image Scanning with Acoustic Surface Waves",
Microwave Laboratory Report No. 2238, Stanford University

(December 1973); IEEE Transactions on Sonics and Ultrasonics, SU-21.
283-288 (October 197k4).

T. W. Grudkowski and C. F. Quate, "Acoustic Readout of Charge Storage
on GaAs", Microwave Laboratory Report No. 2288, Stanford University
(April 1974); Appl. Phys. Letters, 25, 99-101 (15 July 197h).

K. A. Lemons and C, F. Quate, "Integrated Circuits as Viewed with
an Acoustic Microscope", Microwave Laboratory Report No. 2297,
Stanford University (May 1974); Appl. Phys. Letters, 25, 251-253
(1 September 197h4).

R. A. Lemons and C. F. Quate, "Acoustic Microscopy: Biomedical
Applications", Microwave Laboratory Report No. 23579, Stanford
University (December 1974); Science, 188, 005-911 (30 May 197(5).

-19 -




69.

T0.

T1.

T2.

3.

Th.

5.

T6.

78.

9.

C. F. Quate, "Microscope, Acoustic", McGraw-Hill 1976 Yearbook
of Science and Technology, 267-2€8.

R. A. Lemons and C. F. Quate, "Advances in Mechanically Scanned
Acoustic Microscopy", Microwave Laboratory Report No. 24575,
Stanford University (June 1975); 1974 Ultrasonics Symposium
Proceedings, IEEE Cat. #7LCHO 896-1SU, Ll-4k (January 1975).

T. W. Grudkowski and C. F. Quate, "Optical Image Scanning using
Nonlinear Surface Wave Interaction in GaAs'", Microwave Laboratory
Report No. 2454, Stanford University (June 1975); 1974 Ultrasonics

Symposium Proceedings, IEEE Cat. #TLCHO 896-1SU, T49-752 (January 1975).
2 ) y

R. A. Lemons and C. F. Quate, "Acoustic Microscopy - a Tool for
Medical and Biological Research”, Microwave Laboratory Report

No. 2452, Stanford University (June 1975); Acoustical Holography,
6, Newell Booth, Editor, 305-317, Plenum Press, New York (lu75).

W. L. Bond, C. C. Cutler, R. A. Lemons and C. F. Quate, "Dark Field
and Stereo Viewing with the Acoustic Microscope", Microwave
Laboratory Report No, 2455, Stanford University (June 1275);

Appl. Phys. Lett., 27, 270-272 (1 September 1375).

C. F. Quate, "Imaging using Lenses" (Chap. 11), 2L1-305;
"Applications and General Conclusions” (Chap. 12), 207-315,
in Acoustic Imaging, G. Wade, Editor, Plenum Press, New York (137€).

J. Attal and C. F. Quate, "Investigation of Some Low Ultrasonic
Absorption Liquids"”, Microwave Laboratory Report No. 24&l,
Stanford University (October 1975); J. Acoust. Soc. Am., 59,
69-73 (January 1976).

C. F. Quate, "Acoustic Microscopy”, Ginzton Laboratory Report
No. 2650, Stanford University (January 1977); Trends in
Biochemical Sciences (in press).

C. F. Quate, "Scanning Acoustic Microscope", Acoustic Microscopy
Symposium-Workshop, Indianapolis, February 14-18, 1977; Ginzton
Laboratory Report No. 26388, Stanford University \April 1977).

C. F. Quate, "Recount of Program on Acoustic Microscopy at Stanfordt,
Acoustic Microscopy Symposxum-Workshop Indianapolis, February 1l4-185,
1977; Ginzton Laboratory Report No. 2089, Stanford Urlversxty

(April 1977).

R. Kompfner and C. F. Quate, "Acoustic Radiation as used for Microscopy"

Ginzton Laboratory Report No. 2691, Stanford University (April 1977);
Physics in Technology (in press).

- DO

b




